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Abstract
Among possible carbon capture and storage methods to mitigate the global warming, the direct injection of CO2 into the deep 
ocean by the moving ship method, is considered to be a feasible way and expected to minimize its environmental impacts on 
marine organisms in the vicinity of the injection points. In this study, a simple but effective numerical model for the given
practical scenario of very large system was developed with adopting moving and nesting grid technique and low-wavenumber 
forcing technique. The calculated results show that the maximum change of additional pCO2 is lower than a non-observed effect 
concentration, +5,000 μatm, in the both small and mesoscale domains. This indicates that the scenario of 30 ships with different 
length of injection pipes injecting total CO2 of 50 million t/yr and moving in the 111 km × 333 km operation area is efficient and 
effective. The developed techniques demonstrated its efficiencies and applicability to give an outline for the optimization of the 
CO2 ocean sequestration system, by which biological impacts should be minimized and insignificant.
© 2010 Elsevier Ltd. All rights reserved
Keywords: CO2 ocean sequestration; multi-scale ocean model; DCO2 streakline; LCO2 droplet plume; non-effective concentration
1. Introduction
The direct injection of CO2 into the deep ocean is one of the feasible ways for the mitigation of the global 
warming. The main concern in the assessment process of this method is its environmental impacts on marine 
organisms. Sato [1] numerically simulated the diffusion of dissolved CO2 (DCO2) in the vicinity of an injection pipe 
in a small-scale turbulence model and predicted that such impacts are insignificant by using a mortality model for 
zooplankton. According to a system suggested by Ozaki et al. [2], the total amount of the CO2 sequestrated in one 
target site (111 km × 333 km) is 50 million ton/yr and 30 ships release liquid C O2 (LCO2) droplets by injection 
pipes with different lengths. In this case, the small-scale model of Sato [1] is not enough and we need to think about 
the overlaps of DCO2 streaklines in the horizontal directions and of LCO2-droplet plumes in the vertical direction, as 
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schematized in Fig. 1. To predict the diffusion of total DCO2 in the target mesoscale oceanic site, a new model 
combining a mesoscale model with the spatial scale of O(103) km and a small-scale model with the spatial scale of 
O(10) km was  developed by Jeong et al. [3], who simulated the overlaps of DCO2 in an oceanic site with the scale 
of 111×333 km and showed a histogram of water volume against partial pressure of CO2 (pCO2), which is the most 
important indicator of CO2 concentration for marine biota (e.g. Kikkawa et al. [4]), because the same low pH caused 
by CO2 as that by some strong acid agents, such as hydrochloric and sulphuric acids, result in more damages on 
marine organisms than the cases by the above acids. However, Jeong et al. [3] did not consider the optimisations of 
ship trajectories and injection depths. Therefore, the objectives of this study are to try optimising them considering 
the overlaps of DCO2 in the deep ocean.
(a)   (b)
Fig. 1 Schematics of concerns to overlaps of horizontal DCO2 streaklines (a) and LCO2-droplet plumes (b).
In this study, 30 releasing ships were divided into 5 groups and each group represented one small-scale domain 
having 6 sources of DCO2 with 6 different injection depths. These 5 small-scale domains are nested in the mesoscale 
domain and moved along six trajectories. Fig. 2 shows the schematic view of this scheme.
Fig. 2 Schematic view of moving and nesting grid systems.     Fig. 3 Grid system for mesoscale domain.
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2. Numerical Method
2.1. Mesoscale Model
It is well-known that the interaction between tides and seabed topography is important for the generation of 
internal waves. In this study, 30-sec grid data of the Japan Hydrographic Association were collected and the pre-
processor of the MEC Ocean Model (e.g. Mizumukai et al. [5]) developed by the Japan Society of Naval Architects 
and Ocean Engineers (JASNAOE) was adopted for the 3rd-order spline interpolation of the topography. The present 
grid system was rectangle on the horizontal plane and boundary-fitted curvilinear in the vertical direction as shown 
in the Fig. 3. The dimensions of mesoscale domain were approximately 130×390×5 km and the numbers of grids 
were 32×96×40 in the x, y, and z direction, respectively. Here the x and y indicate the east -west and south-north 
directions.
The governing equations are the equation of continuity, the Boussinesq-approximated Navier-Stokes (NS) 
equation including the Coriolis force, and the heat transfer equation:
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where the superscripts, L and H, are the low and high-wavenumber components and ui=ui
L+ui
H. The low-
wavenumber components in the convection terms (ui
L and TL) are forcing terms. The overbars indicate a domain-
scale high-pass filter, which removes low- wavenumber components generated inside the computational domain. 
The low and high wavenumbers indicate the scales larger and smaller than the computational domain. The 
nondimensional threshold wavenumber non-dimensionalised by the domain size between low and high-
wavenumbers was set to be 3.
The boundary condition for the high-wavenumber components was set to be periodical in the horizontal 
directions. In the vertical direction, free-slip condition was adopted at the top and bottom boundaries.
There is one more equation solved in the mesoscale domain: i.e. the mass transfer equation for DCO2:
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where DH and DV are the horizontal and vertical eddy diffusivities, respectively. Unlike velocity and temperature, 
DCO2 is not divided into high and low wavenumber components and, hence, the boundary condition for DCO2 is 
zero-gradient.
For the spatial differentiation of the convection term of the NS and heat transfer equations, a third-order 
upwinding scheme was adopted. The other spatial derivative terms had the second-order accuracy. The second-order 
Adams-Bashforth method was used for time integration.
2.2. Small-scale Model
A The grid size of the small-scale domain was 20×200×50 m and the numbers of grids were 52×194×41 in the x, 
y, and z directions, respectively. The ships were located in a line in the x directions and the distance between each 
ship was 160 m. The injection depths of 6 ships in small -scale domains were set to be between 1000 and 2500 m, as 
shown in Fig. 4, and they should be optimized.
Fig. 4 Schematic view of 6 injection depths in a small-scale domain.
Fig. 5 Change of LCO2 droplet diameter (left) and dissolution rate (right).
To take the effect of DCO2 into account, a spatial distribution of LCO2 droplets was used as source term of the 
advection-diffusion of DCO2. The dissolution rate and rising velocity of a single droplet are
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where V, A, and de are the volume, surface area, and diameter of an LCO2 droplet, respectively, Cs is the solubility  
of CO2 found in Chen et al. [6], C0 is DCO2 calculated in a computational cell, ρC is the density of LCO2 given by 
Pitzer and Sterner [7], ρS is the density of sea-water including DCO2 given by Alendal and Drange [8], Df is the 
diffusion coefficient, She is the effective Sherwood number given by Chen et al. [6], and CD is the effective drag 
coefficient given by Chen et al. [6].
Fig. 5(a) shows the changes of the diameters of LCO2 droplets when their injection depths were 1500, 2000, and 
2500 m. The dissolution rates of the LCO2 droplets are depicted in Fig. 5(b).
Secondly, from the obtained dissolution rate and rising velocity, vertical distributions of DCO2 in small -scale 
domains were calculated considering the number of droplets. Fig. 6 shows a side view of DCO2 distribution 
dissolved from rising LCO2 droplets in one of the small-scale domain. Because of ship velocity, the plumes were 
tilted in the wake.
Fig. 6 Side view of vertical distribution of DCO2 as source term in a small-scale domain.
3. Computational Conditions
Fig. 7 shows the initial positions and moving trajectories of the 5 small-scale domains in the mesoscale domain. 
Each small-scale domain moved along a fixed lane and the spatial interval of the lanes was 10 km. The ship speed 
was set to be 2.5 m/s. The width of the target operation area was 111 km × 333 km and, hence, a ship took 37 hours 
in one way in the y direction. When the small-scale domains were out of this area, they stopped injecting CO2 and 
keep moving in the x direction, taking 6 hours until it starts to move again in the y direction. At the northern edge of 
the mesoscale domain, the small -scale domains stay additional 34 hours for on-sea work: i.e. LCO2 is supplied to the 
injection ships from LCO2 carriers. Therefore, one cycle for the small-scale domain circulating in the mesoscale 
domain was 120 hours.
Fig. 7 Initial positions and planed trajectories of small-scale domains in the mesoscale domain.
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The concerns to increase C O2 concentration in the mesoscale domain are that a ship group moves on the 
streakline of CO2 injected previously by other ship groups and the injection depths and rates of CO2 droplets from 6 
pipes towed by 6 ships in a ship group affect the overlap of DCO2 in the vertical direction.
Optimisation to uniform the CO2 concentration in the vertical direction was done by changing the depth, rate, and 
droplet size injected from each ship. Masuda et al. [9] numerically simulated DCO2 diffusion in a large regional 
scale in the north-west Pacific Ocean. In this study, their resultant DCO2 concentration was incorporated as a 
background vertical distribution. For the quantitative estimation of the biological impact of additional pCO2
(ΔpC O2) in the deep ocean, tentative standard criteria were suggested by Kita and Watanabe [10]: i.e. the no-
observed effect concentration (NOEC) for various zooplanktons and the predicted no-effect concentration (PNEC) 
are 5000 and 500 μatm, respectively. In this study, we used this as a tentative threshold. Because the PNEC of 500 
μatm is given in pCO2, DCO2 in mass fraction (ppm) for the threshold varies depending on temperature and 
pressure: namely, depth in the ocean. Fig. 8 shows a schematic diagram showing that the summation of injected 
DCO2 and DCO2 resulted from the calculation of Masuda et al. [9], which is identified “ re-entry” in the figure, 
should not exceed the line of the PNEC in mass fraction in the vertical direction. Fig. 9 shows the vertical profile of 
the DCO2 resulted from Masuda et al. [9]. This is the profile used as “ re-entry” concentration. By subtracting this 
“ re-entry” concentration from the PNEC profile, the allowance for injected pCO2 can be determined and is shown by 
the dashed line in Fig. 10. To achieve this by newly injected CO2, the depths, flow rates, and droplet sizes of 
injected LCO2 were calculated by using Eqs. 11 and 12. The result is denoted in Table 1 and Fig. 10. 
Fig. 8 Schematic diagram showing the relationship between PNEC,                  Fig. 9 Vertical profile of DCO2 of Masuda et al. [9].
injected DCO2, and re-entered DCO2.
Fig. 10 pCO2 calculated with Eqs. 11 and 12 based on the injection condition listed in Table 1 (solid line) and target pCO2 (dashed line).
Table 1 LCO2 injection rate at each water depth.
depth (m) 1200 1500 1700 2000 2300 2600
injection rate (kg/s) 140 110 100 90 80 80
mean diameter (m) 0.012 0.014 0.014 0.014 0.014 0.014
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4. Results and Discussion
Fig. 11 shows contour maps of DCO2 one month after the start of the operation in the mesoscale domain on the 
horizontal planes at z=-1700 m. The 30 injection ships had circulated for 4 to 5 times by the time.
Fig. 11 Contour maps of DCO2 on horizontal injection planes in the mesoscale domain at z=-1650 m in Cases 1(left), 2 (middle), and 3(right).
Fig. 12 Histogram of water volume against ΔpCO2.in mesoscale domain.
Fig. 12 shows the histogram of water volume against ΔpC O2 in the mesoscale domain one month after the start of 
injection. It is observed in Figs. 11 and 12 that ΔpCO2 was smaller than the PNEC and far smaller than the NOEC. 
However, of course there should still be a risk of biological impact and this is the reason why we tried to uniform 
the distribution of pC O2 in the domain as much as possible.
5. Conclusion
To predict DCO2 fate purposefully injected in the deep ocean, a new multi-scale ocean model (O(1) and O(10
2) 
km) was developed to build a bridge between smaller near-fi eld scale (O(102) m) and larger regional scale (O(104)
km) models. A moving and nesting grid technique based on the ALE method was developed to efficiently 
implement the CO2 ocean sequestration by the moving-ship method and to assess its biological impacts both in 
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small-scale and mesoscale domains. To generate oceanic eddies in the mesoscale domain, a low-wavenumber 
forcing technique was adopted.
In this study, 30 ships were divided into 5 groups and 1 group of 6 ships were placed in a small-scale domain. 
The 5 small-scale domains circulated in the mesoscale domain. On the lanes in the y direction, the ship injected 
LCO2, which formed dropl ets and dissolved into seawater.
The results of CO2 diffusion simulation showed that the moving-ship method could reduce environmental 
impacts to the acceptable level. The developed model is expected to be applicable for the final purpose: i.e. to give 
an outline for the optimization of the CO2 ocean sequestration system, by which biological impacts should be 
minimized and insignificant. The calculated results show that DCO2 is lower than the PNEC in the mesoscale 
domain. At last, the present scenario of 30 ships with different length of injection pipes injecting total CO2 of 50 
million t/yr and moving in the 111 km × 333 km operation area is efficient and effective.
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